ABSTRACT The association between the ventral nervous system and the sperm storage organs in Anastrepha suspensa Loew was examined to elucidate possible mechanisms that may inßuence sperm transport in the female reproductive tract. Such mechanisms are of importance with respect to the sexual conßict over paternity. A single, abdominal ganglion is present under the Þrst abdominal sternite of A. suspensa. The ganglion is ovoid (L ϭ 280 Ϯ 18 m ϮSD, W ϭ 230 Ϯ 15 m ϮSD) and has a large nerve Þber extending anteriorly to the thoracico-abdominal ganglion and a large, branched nerve Þber extending posteriorly to the reproductive system. The presence of an abdominal ganglion is atypical for the Cyclorrapha ßies and its position in the abdomen is atypical for the Insecta. The ganglionÕs position suggests that in some taxa the evolutionary trend toward fewer abdominal ganglia has occurred with the concomitant displacement of caudal ganglia to more anterior positions in the abdomen. Nerves extending from this ganglion synapse with muscle Þbers at the base of the spermathecae and the surface of the unicellular gland cells surrounding the spermathecal capsule. When stained with HRP Ab, synaptic boutons are also visible along the length of the spermathecal ducts in association with the longitudinal muscle Þbers and on the muscle Þbers surrounding the ventral receptacle. These Þndings suggest that females have the potential to affect sperm transport in their reproductive tract.
describing innervation to the musculature of the ovipositor. Zaka-ur-Rab (1971) and Kobayashi (1934) included the adult CNS in their gross anatomical studies on the general internal anatomy of Bactrocera cucurbitae (Coquillett), Dyoxina sorocula (Wiedemann), and Acroceratitis plumosa Hendel. Four other studies describe aspects of the neurobiology of only embryonic and larval stages (Anderson 1962 , LaFranchi and Belcari 1990 , Ruiz Gomez and Ghysen 1993 , Lee et al. 1998 . Because the CNS of embryonic or larval stages in holometabolous insects is rearranged in the adult, our knowledge of the adult CNS in the Tephritidae relies primarily on two general anatomy studies of only three species (Kobayashi 1934 , Zakaur-Rab 1971 . This dearth of information on the Tephritidae contrasts starkly with that available for Drosophila (e.g., Power 1948 , Thomas et al. 1984 , Truman and Bate 1988 , Valles and White 1988 , Bate and Martinez Arias 1993 . Perhaps for this reason, tephritid fruit ßies are not included in reviews and summaries on the CNS of the Insecta or speciÞcally of the Diptera (e.g., Snodgrass 1935 , Bullock and Horridge 1965 , Matsuda 1976 , Thomas et al. 1984 , Kerkut and Gilbert 1985 .
For most insects, insemination and fertilization are temporally separate events. Female insects, therefore, often possess highly specialized structures for maintaining and dispensing sperm over relatively long periods. Multiple sperm storage organs potentially allow females to store sperm differentially Ward 1998, Hellriegel and Bernasconi 2000) from two or more males. Differential storage and use of sperm has been reported in Scathophaga stercoraria (L.) (Ward 1993 (Ward , 2000 . Differential sperm storage has also been reported in the Mediterranean fruit ßy (Yuval et al. 1996) and is indicated in the Caribbean fruit ßy (A.H.F., unpublished data), which stores sperm in three spermathecae (Dodson 1978 ) and a ventral receptacle (A.H.F., unpublished data). Recent work by Arthur et al. (1998) in Drosophila melanogaster Meigen demonstrated that females with a masculinized CNS were not able to store sperm effectively. This study, therefore, examines the potential for females of the Caribbean fruit ßy, Anasterpha suspensa Loew, to inßuence the sperm storage organs through the CNS. The purpose of this article is to report the presence of a single, large, abdominal, ganglion in A. suspensa, describe its innervation of the sperm storage organs, and discuss the atypical placement of this ganglion in the insect abdomen.
Materials and Methods
The reproductive system was exposed by removing the sternites of the thorax and abdomen with microdissection tools in insect Ringers. The head of the ßy was subsequently removed, and the remaining CNS was isolated from the body of the ßy along with the intact reproductive system.
Gross details of the ganglion and its respective nerve cords were determined by light microscopy and staining with 1% yellow ßuorescent dye #20 (for nucleic acid staining) (Molecular Probes, Inc.) and 1% methylene blue (for general nerve Þber staining). The abdominal ganglion and its major nerve Þbers were also Þxed in Bouins, embedded in parafÞn, stained with hemotoxylin and eosin, and sectioned at 5 m. Innervation of the sperm storage organs was resolved with ßuorescent microscopy of specimens treated with antiserum against horseradish peroxidase (anti-HRP Ab) according to the protocol of Snow et al. (1987) . HRP Ab is a neural-speciÞc probe that stains the entire surface of individual neurons by recognizing a neural-speciÞc carbohydrate moiety (Snow et al. 1987) . Material was also preserved in a 4% glutaraldehyde solution and treated using standard SEM protocols (Robards and Wilson 1993) , including gold paladium sputter-coating. Stubs were mounted in epoxy.
Results
A single, large, abdominal ganglion is associated with the innervation of the reproductive system in A. suspensa (Fig. 1 ). This ganglion is located directly beneath the posterior edge of the Þrst abdominal sternite and can be seen through the cuticle of both sexes as a round, translucent area surrounded by extensive tracheation. The ganglion is ovoid and measures Ϸ230 Ϯ 15 m (ϮSD) in width and 280 Ϯ 18 m (ϮSD) in length. In cross section, the ganglion has a neuropile surrounded by a cortex with associated glial cells that are also present along the length of nerve Þbers (Fig. 1 ). Anteriorly, a medial, branching nerve Þber extends Ϸ1.10 mm into the thorax to a single, large thoracic ganglion 700 Ϯ 35 m (ϮSD) in length and 470 Ϯ 26 m (ϮSD) in width (Fig. 2) . Posteriorly, the abdominal ganglion has two lateral nerve Þbers and a larger, medial Þber that extends to the reproductive system (Fig. 2) . According to Zaka-ur Rab (1971) , the lateral nerves extending from the posterior portion of the ganglion represent the third abdominal nerves (supply innervation to the third segment). The medial nerve Þber extending posteriorly into the ab- domen is branched in an alternating pattern of the fourth, Þfth, and sixth nerves. Beyond the juncture with the sixth abdominal nerve, the medial nerve bifurcates near the lateral oviducts and subsequently branches extensively throughout the reproductive system. Each of these main nerve Þbers is associated with similarly branched trachea throughout the length of the reproductive system.
In A. suspensa, the three spermathecae are adjacent to the lateral oviducts (Fig. 3) . The paired spermathecae have separate ducts and are associated with one of the accessory glands and one of the lateral oviducts in a meshwork of trachea, stellate muscle Þbers, and nerve Þbers (Figs. 3 and 4) . The single spermatheca is adjacent to the other accessory gland and is similarly intertwined with trachea, muscle Þbers, and nerves along the opposite lateral oviduct. The spermathecae and accessory glands are surrounded by a loose assemblage of globular cells (Figs. 3 and 5 ). These cells contain numerous vacuoles containing lipids and are easily removed from the spermathecae and accessory glands by light mechanical abrasion. Nerve Þbers, tracheae, and muscle Þbers extend through this layer of cells and continue along the surface of the subsequent layer of columnar, unicellular gland cells that surround the spermathecal capsule (Fig. 4) . A large nerve Þber extends into the basal region of the spermathecal capsule (Fig. 6 ), which is surrounded by muscle Þbers and contains a valve-like structure restricting the entry of sperm into the capsule (Fig. 5 ). In addition, nerve Þbers extend to the longitudinal muscle Þbers lining the spermathecal ducts (Fig. 4) , and synaptic boutons are visible at various locations along their length (Fig. 7) . Nerve Þbers and associated synaptic boutons are also present on the surface of the muscle layer ( Fig. 1 ) that surrounds the ventral receptacle (Fig. 8) . The muscle Þbers around this organ have various angular orientations (Fig. 1) , presumably allowing the ventral receptacle to be compressed differentially.
Discussion
The presence of a single, abdominal ganglion in Tephritids has been reported for four other species (Kobayashi 1934 , Dean 1935 , Zaka-ur-Rab 1971 . Re- duction in the number of ganglia associated with the CNS is a general trend in the evolutionary history of the Insecta and also occurs during ontogeny (Matsuda 1976) . The more plesiomorphic taxa have up to 6 Ð 8 abdominal ganglia as adults, whereas this number may be variously reduced by fusion, particularly in some groups of Heteroptera, Hymenoptera, Coleoptera, and Diptera.
In terms of economic impact, the most important Diptera are the schizophoran ßies, which includes the tephritid and drosophilid fruit ßies, the muscoid ßies, and the oestroid ßies. The cyclorraphan ßies in general, and the schizophoran ßies speciÞcally, are commonly touted in books on insect morphology, insect physiology, and general entomology as one of the best examples of insects in which the number of ganglia have been extremely reduced (Snodgrass 1935 , Demerec 1950 , Bullock and Horridge 1965 , de G. Weevers 1985 , Romoser and Stoffolano 1998 , Daly et al. 1998 . The absence of abdominal ganglia has been reported for the calyptrate and acalyptrate families within the Schizophora including the Muscidae (Washburn 1905, Cook and Peterson 1989) , Calliphoridae (Osborne 1966) , Sarcophagidae (Bullock and Horridge 1965) , and Drosophilidae (Power 1948 , Demerec 1950 . Demerec (1950) states that "All ßies in the superfamily muscoidea lack abdominal ganglia."
The presence of a single abdominal ganglion is atypical for the Schizophora ßies. Whether or not this ganglion is unique to the Tephritidae is unclear because the CNS of all the Schizophora have not been examined. Nevertheless, the location of this ganglion in the Þrst segment of the abdomen is unusual in adult Insecta. Bullock and Horridge (1965) and de G. Weevers (1985) summarized the ganglionic arrangements found in adults of 66 genera from different families and orders of the Insecta. All examples of species that lack one or more abdominal ganglia have the remaining ganglia in the most posterior segments of the abdomen. If a single abdominal ganglion remains, then its location is in the posterior segments of the abdomen (Fig. 9) . This pattern in the Insecta shows that regression of abdominal ganglia into the thorax generally occurs without signiÞcant relocation of the most posteriorly located ganglion. The pattern in A. suspensa, however, suggests that the fusion of the most terminal ganglion with the thoracico-abdominal ganglion may have occurred, in some instances, by incremental displacement toward the anterior region of the abdomen. -ur-Rab (1971) states that the abdominal ganglion in B. cucurbitae innervates all abdominal segments that are more posterior to segment 2. The displacement of the most caudal ganglion to the most anterior segment of the abdomen may have occurred, therefore, concomitant with its fusion with anterior ganglia.
Zaka
The abdominal ganglion in A. suspensa innervates some of the same structures that are reported for the most caudal abdominal ganglion in other insects. There is a common plan for neural development in the Insecta, and their associated structures are conserved (Thomas et al. 1984, Bate and Martinez Arias 1993) and the nerves from each composite ganglion consistently innervate the segment in which the ganglion originated. In general, the innervation patterns described for insects from different taxa are similar but may vary in detail. For example, Polovodova (1953) describes innervation of the ovary proper in anopheline mosquitoes, whereas Hodapp et al. (1960) and Hodapp and Jones (1961) found no such innervation in the mosquito Aedes aegypti (L.). Hodapp et al. (1960) also did not report innervation to the spermathecae, although they describe nerves that terminate in the muscle Þbers surrounding the spermathecal ducts. Muscle Þbers have also been reported to surround the spermathecae of Periplaneta americana (L.) (Gupta and Smith 1969) and insert into the spermatheca of the yellow dung ßy (Hosken and Ward 2000) , but none have been reported for the Tephritidae or the Culicidae. In this study of A. suspensa, it is clear that both the spermathecae and their ducts are innervated by the abdominal ganglion. Furthermore, this is the Þrst report of musculature and nerves associated with the spermathecal capsule of the Tephritidae. The fourth sperm storage organ in A. suspensa, the ventral receptacle, is found in the bursa copulatrix and is surrounded by layers of muscle Þbers with varying orientations and with nerve synaptic boutons on their surfaces. The organization of the musculature and its innervation by the abdominal ganglion suggest that the ventral receptacle can compress and, therefore, potentially inßuence the uptake and release of sperm. This region of the reproductive tract was reported as the site of egg fertilization by Solinas and Nuzzaci (1984) .
Although the ducts of the spermathecae, the ducts of the accessory glands, and some of the musculature of the reproductive system were observed to be myogenic in insect saline, the CNS probably modulates the activity of these nerve Þbers. The importance of female CNS mediation on the storage of sperm is indicated by the results of Arthur et al. (1998) on masculinized CNS in female D. melanogaster. Thus, the innervation of sperm storage organs in A. suspensa, details of their Þne structure (e.g., valve at base of spermathecal capsule), and their associated musculature suggest that females have, at the very least, the potential to affect sperm transport in their reproductive tract.
